The subthalamic nucleus (STN) and globus pallidus internus (GPi) have recently been shown to encode reward, but few studies have been performed in humans. We investigated STN and GPi encoding of reward and loss (i.e., valence) in humans with Parkinson's disease. To test the hypothesis that STN and GPi neurons would change their firing rate in response to reward-and loss-related stimuli, we recorded the activity of individual neurons while participants performed a behavioral task. In the task, action choices were associated with potential rewarding, punitive, or neutral outcomes. We found that STN and GPi neurons encode valence-related information during action control, but the proportion of valence-responsive neurons was greater in the STN compared to the GPi. In the STN, reward-related stimuli mobilized a greater proportion of neurons than loss-related stimuli. We also found surprising limbic overlap with the sensorimotor regions in both the STN and GPi, and this overlap was greater than has been previously reported. These findings may help to explain alterations in limbic function that have been observed following deep brain stimulation therapy of the STN and GPi.
INTRODUCTION
The study of subcortical involvement in the reward system has largely focused on the striatum, the nucleus accumbens, and the ventral pallidum [Breysse et al., 2015] . Roles for the subthalamic nucleus (STN) and the globus pallidus internus (GPi) in reward circuitry have only recently been recognized [Hikosaka et al., 2008] . High frequency stimulation of the STN and GPi has been associated with limbic system pathologies in humans with Parkinson's disease, including depression, suicidal ideation, apathy, mania, and impulsivity [Rossi et al., 2015] ; improvements in limbic symptoms, such as relief of obsessive compulsive symptoms [Nair et al., 2014] , selfmutilation behavior [Cif et al., 2007] , and addiction [Witjas et al., 2005] have also been reported. Understanding the neurobiological substrates of human STN and GPi involvement in reward circuitry may help explain chronic stimulation-related alterations in limbic function.
Aysegul Gunduz and Michael S. Okun are co-senior authors on this manuscript. *Correspondence to: P. Justin Rossi, 3450 Hull Road, Gainesville, Substantial evidence from animal studies over the past decade indicates that the STN plays an important role in processing reward [Rossi et al., 2015] . Large subsets of STN neurons in the rat have been shown to encode the prospect of reward, reward receipt, and the magnitude of possible reward outcomes. Similar responsiveness to reward has been demonstrated in non-human primates [Darbaky et al., 2005; Espinosa-Parrilla et al., 2013 .
Studies in non-human primates suggest that the GPi also has a role in reward processing [Hikosaka et al., 2008] . Certain GPi neurons in the monkey project to the lateral habenula (LHb), a known limbic structure, and these neurons appear to encode reward prediction [Hong and Hikosaka, 2013; Matsumoto and Hikosaka, 2007] . A study of individual neuron behavior in monkeys performing reward-motivated limb movements identified a population of GPi neurons that modulated firing rate in response to reward delivery [Gdowski et al., 2007] . These findings have recently been corroborated in humans. Howell et al. identified GPi neurons in Parkinson's patients that modulate their firing rate significantly in response to reward-related stimuli [Howell et al., 2016] . Local field potential recordings from the GPi in humans showed correlation between pallidal LFP amplitude and reward expectation [Schroll et al., 2015] . Finally, functional neuroimaging has shown greater neural activation in the human pallidum in response to rewards as compared to response to neutral stimuli [Bischoff-Grethe et al., 2015] .
The construct of "reward" falls under the broader construct of valence, defined as the intrinsic attractiveness or aversiveness of a stimulus. Rewarding stimuli are considered positively valenced while aversive stimuli are considered negatively valenced [Lane et al., 1999] . Valence and action control are intimately intertwined in that organisms tend to act or inhibit action to obtain positively valenced outcomes and to avoid negatively valenced outcomes. Elucidating the neurobiological bases for these interactions could have implications for treating certain neuropsychiatric disorders, such as impulsivity, where valence perception and action control mechanisms are considered dysfunctional [Rossi et al., 2015] .
The present study aimed to establish if (and how) human STN and GPi neurons encode valence information during action control. We assessed the behavior of individual neurons in the STN or GPi of human Parkinson's disease patients while they performed a task in which action choices were associated with rewarding, punishing, or neutral outcomes. Briefly, participants learned to associate a visual stimulus (one of four color patches) with one of four action-valence combinations: a reward for action, a punishment for action, a reward for withholding action, and a punishment for withholding action (Fig. 1) . Thus, in each trial, participants were motivated by the desire either to obtain a reward or avoid punishment. Rewards and punishments were a monetary gain or loss, respectively, and action involved pressing of a button on a joystick with the hand contralateral to the brain region being recorded. Neuronal responsiveness was assessed by comparing the activity during an inter-trial interval with that of the post-stimulus period (see methods). We assessed for changes in firing rate following the presentation of stimuli signifying the need to make a response and stimuli giving feedback. We analyzed neuronal data only for iterations of the task where patients made the optimal response in greater than 60% of trials, to ensure that participants had learned the intended action-valence association.
Our working hypothesis was that both STN and GPi neurons would modulate activity in response to predictors of positively and negatively valenced outcomes (opportunity for reward and threat of punishment) and attained valence outcomes (reward receipt and loss avoidance). Our results revealed that STN and GPi both encoded valence-related information but that the proportion of valence-responsive neurons was significantly greater in the STN. Among STN neurons, reward mobilized a greater proportion of neurons than did loss avoidance. These findings may provide at least part of a neurobiological basis for the altered limbic function that has been observed following electrical stimulation of the STN and GPi in humans.
MATERIALS AND METHODS

Patients
Patients with Parkinson's disease undergoing unilateral de novo STN or GPi deep brain stimulation (DBS) electrode placement surgery were studied. All patients fulfilled the UK Brain Bank diagnostic criteria for PD [Daniel and Lees, 1993] . All participants were non-demented. A total of 53 patients participated and had a mean age of 65.7 years (STD 5 7.85). The Institutional Review Board approved the study and all patients provided informed consent before enrollment.
Behavioral Task
The behavioral task used in the study was based on the design pioneered by Guitart-Masip et al. [Guitart-Masip et al., 2012a,b] and modified by van Wouwe et al. [van Wouwe et al., 2015] . All stimuli were presented on a 15-inch screen positioned at eye level approximately one meter from the patient. Responses were made with the thumb contralateral to the brain hemisphere recorded using a handheld, single-button joystick. In the preoperative clinic approximately 24 h prior to surgery, subjects completed practice sessions (two blocks) of the actionvalence learning task to associate combinations of action (action, inaction) and valence (reward acquisition, loss avoidance) to a specific stimulus color. The same actionvalence learning task was then presented to the subject r Encoding of Reward in the STN and GPi r r 1953 r intraoperatively during the microelectrode-recording (MER) phase of the DBS operation.
The details of the action-valence task are as follows (Fig.  1) . Upon the presentation of a color patch, subjects were instructed that they had 1,000 milliseconds (ms) to either act (i.e., make a button press) or to withhold action. Button press or expiration of the 1,000 ms window was followed by a 250 ms delay period to facilitate separation of movement and feedback neuronal signals. Because delayed outcome of a choice is known to reduce the subjective value of the reward, the shortest possible delay duration was chosen while still permitting accurate signal separation. After this delay, feedback was displayed for 500 ms in the center of the color patch indicating that the action decision had led to monetary reward (1$100), monetary loss (-$100), or no monetary outcome ($0). Monetary rewards were accompanied by a "positive contingency" audio feedback simulating the jingle of coins. Monetary losses were accompanied by a "negative contingency" audio feedback simulating an aversive buzzer sound. The feedback and color patch were then extinguished, and an intertrial interval followed for 500 ms after which the next trial began. A running total of earnings were presented in the upper center of the screen throughout the task. The four color patches appeared in pseudorandom order and with equal probability across the 120 trials per block. Thus, each color appeared 30 times within a block of trials. Unbeknownst to the subject, two of the color patches provided outcomes that were either rewarded (1$100) or unrewarded ($0), and the remaining two colors provided outcomes that were either punished (2$100) or unpunished ($0). Thus, the former colors were associated with reward learning, whereas the latter colors were associated with loss avoidance learning. Also unknown to the subject, one color from each set produced the optimal outcome (either gain of reward or avoidance of loss) by acting, but the other color from each set produced the optimal outcome by withholding action. This design completed the 2 3 2 factor design that orthogonalized both valence and action.
Localization of Recording Sites
A proprietary stereotaxic surgical software system was used to visualize MRI images, estimate anatomical locations of the STN and GPi, define target location, predict trajectories for microelectrode penetrations, and map results of microelectrode recordings [Sudhyadhom et al., 2012] . To avoid sampling bias, cells were selected strictly on the basis of signal integrity rather than the presence or absence of sensorimotor activity [Sarma et al., 2012] . Anti- Valence-Action Task. On each trial, one of four possible color patches indicated the combination of required action (making or withholding button press) and outcome valence (win, loss, or no gain). An action decision was required following presentation of the color patch. After a brief delay, the outcome was presented: "1$100" in green indicated a reward, a red "2$100" indicated a loss, and a black "$0" indicated the absence of a win or a loss. In go to win trials (purple cue), button press was rewarded; in go to avoid losing trials (blue cue), button press avoided punishment; in no-go to win trials (orange cue) withholding button press was rewarded, and in no-go to avoid losing trials (green cue) withholding button press avoided punishment. A running total score was presented at the top of the screen throughout the task. Each trial was preceded by an interstimulus interval in which a blank screen was presented. Stimuli were presented in pseudorandom order for a total of 120 trials (30 trials of each color/condition).
Parkinsonian medications were withheld 24 h before neural recording, and no sedatives were given prior to or during recordings [Sarma et al., 2012] .
Data Acquisition
Extracellular spiking activity of subthalamic and pallidal neurons was recorded using platinum/iridium-tipped microelectrodes (FHC, Bowdoin, ME) with impedances of 0.5-1 MX mounted in a motorized, hydraulic microdrive (FHC, Bowdoin, ME). The behavioral task was administered by a Dell Optiplex 9020 computer using BCI2000 software [Schalk et al., 2004] . Neuronal activity was bandpass filtered between 300 Hz-6 kHz and sampled at 48 KHz (16 bit resolution; Tucker Davis Technologies, Alachua, FL). The neuronal recording was monitored via computer display and audio speakers.
Recording Protocol
All recordings were performed using an array of three microelectrodes, separated by 2 mm in an L-shaped configuration, lowered transdurally into the STN or GPi. For recordings of the STN, the microelectrode array was configured with a central contact, a second contact positioned 2 mm laterally, and a third positioned 2 mm anteriorly. For recordings of the GPi, the microelectrode array was configured with a central contact, a second contact positioned 2 mm laterally, and a third positioned 2 mm posteriorly. Electrophysiological determination of STN and GPi borders was based on electrode depth along the planned trajectory, spontaneous firing rate and pattern, and kinesthetic responses [Toleikis et al., 2012] . When one or, less frequently, two neuronal units were isolated by at least two of the recording electrodes in the array and the recording was determined to be stable, the cognitive task was initiated. Neuronal data, electrode location, and task performance data were then collected following a standard protocol of 120 stimulus presentations (30 of each of the four conditions) in pseudorandom order to ensure an equal number of trials of each condition. Data collection was stopped only if signal quality deteriorated. Upon completion of the task, the microelectrode was advanced so that other units could be evaluated until the microelectrode array was determined to no longer be in the region of interest.
Electrophysiological Data Analysis
Amplitude thresholds for neural spike data were selected, and candidate action potentials were sorted into clusters in principal components space (Spike2, Cambridge Electronic Design, Cambridge, UK). Neurons were considered acceptable for further analysis only if their action potentials were of a consistent shape, had a clear refractory period of at least 2 ms, and could be reliably distinguished from the waveforms of other units and from background noise [Zimnik et al., 2015] . Additionally, analyzed neurons had to be associated with a complete set of task-related data (i.e., 120 stimuli trials). Peri-event time histograms (PETHs) were then constructed from the correct trials of each of the four conditions, and for the additional conditions where "incorrect" responses occurred.
Stimulus-related changes, movement-related changes, and outcome-related changes in firing rate were defined as a significant deviation from the baseline inter-trial interval. Baseline activity was defined as activity occurring in the 500 ms period that preceded cue presentation in each trial. Event-related activity was determined in the 500 ms that followed the onset of the visual stimulus (stimulus related), the 500 ms centered on the button press (movement related), the 500 ms centered on trial expiration (inhibition related), and the 500 ms that followed feedback delivery (outcome related).
Analyses were based on binned peri-event firing rates (50 ms bins). For each event of the task, we generated a PETH centered on that event using MATLAB (Mathworks, Cambridge, MA) [Lardeux et al., 2009] . For all trial types, the neuronal responses to stimulus presentation, button press, trial expiration, and feedback delivery were analyzed separately. The responses to the stimulus presentation, button press, and feedback were analyzed separately for correct and incorrect trials.
To minimize the contamination of signals by activity related to a previous event, the neural response to each event was analyzed across the 500 ms event-based epoch and was compared with the activity over the 500 ms intertrial interval preceding the onset of that trial. The 500 ms baseline interval was chosen to maximize sampling while also preventing event-related activity from colliding using the period between two consecutive events (the feedback delivery from a prior trial and the presentation the stimulus in the subsequent trial).
Analyses were performed according to the analysis of Teagarden and Rebec [2007] and Breysse et al. [2015] . Briefly, the mean firing rate for each peri-event bin was expressed as a z-score (z i ) based on the following formula: z i 5
, with Fq i as the mean firing rate (in hertz) of the bin (i) and l baseline the mean firing rate of the intertrial baseline period preceding each event, and SEM baseline indicating the standard error of the mean of the baseline. Three or more consecutive bins (150 ms) with z-scores 1.64 (95% confidence interval) were considered to be significant activation or inhibition.
Finally, for each event, neurons were classified as either "similar" or "specific" [Lardeux et al., 2009] . The firing rate of neurons that responded to an event was compared for each outcome with a t-test on the normalized data. Thus, neurons were similar if they responded to one event in a similar manner for both rewards (t-test, P > 0.05) [Lardeux et al., 2009] . Neurons were specific if they responded to one event for both rewards with a significantly higher r Encoding of Reward in the STN and GPi r r 1955 r response to one reward than the other or if they responded exclusively to one outcome [Lardeux et al., 2009] .
The proportions of neuronal subpopulations (e.g., "Go/ Reward selective" vs. "Go/Loss selective") expressed in percentages were compared using a v 2 -test. The average of the z-scores of the population PETH were illustrated by separating the specificity of neurons for either each reward or correct versus incorrect trials, based on the criteria defined above (three consecutive bins with z-scores 1.64). The neurons were also analyzed based on their response type (activation or inhibition), and the z-scores have been calculated. The percentage of variation for activated and inhibited neuronal populations was calculated by comparing the mean firing rate during baseline period and during the event-related period.
Recording Site Mapping
The spatial locations of the recording sites in STN and GPi were defined in relation to the structure's borders in each individual patient utilizing proprietary surgical planning software. This software superimposes a threedimensional, digitized version of the Schaltenbrand atlas onto the patient's preoperative MRI scan and intraoperative imaging [Sudhyadhom et al., 2012] . The atlas is deformable to improve the fit of the atlas to the subcortical anatomy of the individual patient. Determination of the borders of targeted structures was further refined by the results of intraoperative recording, and the atlas transformed accordingly. It is important to note that the digital atlas is deformable in terms of overall size and position of structures relative to the AC-PC line. In order to better visualize these positions in a two dimensional format, we then transposed the positions onto the appropriate anatomical slices of the Schaltenbrand and Bailey atlas [Schaltenbrand and Bailey, 1959 ] via a method previously described by Plaha and colleagues. [Plaha et al., 2006] Briefly, this method involved defining the recording position's intra-structural vertical location by measuring its distance from the structure's dorsal boundary. Anterior-posterior and medial-lateral positions were defined as a proportion of the lengths of the structure along the appropriate axis, and this spatial location was transposed onto the Schaltenbrand and Bailey atlas by proportional measurements [Plaha et al., 2006] . Finally, anatomical coordinates were derived for each recording position. These coordinates reflect the relative location of the recording site within the coordinate system of the Schaltenbrand atlas.
RESULTS
We recorded 100 STN cells from 20 patients and 100 GPi cells from 30 patients that met pre-defined signal quality criteria. The mean duration of recordings for these neurons was 224s (range: 204s-232s). STN neurons exhibited an average firing rate of 36 6 22 Hz (mean 6 SD), similar to results of other studies [Bejjani et al., 2000; Hutchison et al., 1998; Sterio et al., 2002] ; the mean frequency of GPi neurons was 66.2 6 3.4 Hz (mean 6 SE), similar to the mean human GPi neuron frequency reported elsewhere [Lee et al., 2007; Levy et al., 2001 ].
Valence Encoding Neurons Are More Common in STN Compared to GPi
The proportions of unique neurons responding to any valence-related stimulus (opportunity for reward, threat of loss, reward receipt, or successful avoidance of loss) in the STN and GPi were compared. Overall responsiveness to valence was found to be significantly greater in the STN compared to the GPi (70% of neurons vs. 46% of neurons, P < 0.001, Fisher's exact test; Fig. 2 ).
The STN Differentially Encoded Reward Opportunity and Threat of Loss
Of the STN neurons recorded, 57% (57/100) responded to stimulus presentation. The proportion of neurons responding to reward opportunity was significantly greater than the proportion responding to the threat of loss for both the Go (38% vs. 25%, v 2 5 3.916, P 5 0.0478, Fig. 3e ) and No Go conditions (25% vs. 12%, v 2 5 5.604, P 5 0.0179, Fig. 3f ). These results highlight that STN activity was more responsive to a potential reward than a potential loss, and that this reward sensitivity occurred independent of the action context in which the stimulus was presented.
The STN Differentially Encoded Reward and Avoidance of Loss
We observed that 66% of STN neurons recorded (66/ 100) responded to feedback presentation during correct trials. The proportion of neurons responding to obtained reward was significantly greater than the proportion responding to loss avoidance for both the Go (48% vs. 32%, v 2 5 5.33, P 5 0.02, Fig. 3g ) and No Go conditions (27% vs. 15%, v 2 5 4.34, P 5 0.03, Fig. 3h ). These results highlight that STN activity was more responsive to reward than an avoided loss, and that this reward sensitivity occurred independent of the action context in which the stimulus was presented.
Distinct Populations of STN Neurons Encode Reward and Loss Stimuli
The majority of STN neurons that responded to stimulus presentation were valence specific (i.e., they responded exclusively to either reward opportunity or threat of loss). The degree of specificity was independent of the action condition. For example, we observed that 81.5% were r Rossi et al. r r 1956 r specific during the Go condition and 79.1% were specific during the No Go condition. A majority of feedback responsive neurons were also valence specific (69.2% for the Go condition, 90.6% for No Go condition), and the ratios were similar to those observed following stimulus presentation. A breakdown of the relative proportions of neuron specificity is shown in Figure 3 .
The GPi Similarly Encoded Reward Opportunity and Threat of Loss
We observed that 46% of GPi neurons recorded (46/100) responded to stimulus presentation. In contrast to the STN, the proportion of GPi neurons responding to reward opportunity was similar to the proportion responding to the threat of loss for both the Go (18% (18/100) vs. 14%, 
The GPi Similarly Encoded Reward and Avoidance of Loss
We observed that 42% of GPi neurons recorded (42/100) responded to feedback presentation during correct trials. In contrast to the STN, the proportion of GPi neurons responding to reward receipt was similar to the proportion responding to loss avoidance for both the Go (26% vs. 25% v 2 5 0.0263, P 5 0.8711, Fig. 3g ) and No Go conditions (19% vs. 16%, respectively; v 2 5 0.312, P 5 0.5766, Fig. 3h ).
Distinct Populations of GPi Neurons Encode Reward and Loss Stimuli
The majority of GPi neurons that responded to stimulus presentation were also valence specific. Similar to the STN, the degree of specificity was independent of the action condition. We observed that 81.1% were specific during the Go condition and 84.4% were specific during the No Go condition.
A majority of feedback responsive neurons were also valence specific (68.8% for the Go condition, 80% for No Go condition), and the ratios were similar to those observed following stimulus presentation. A breakdown of the relative proportions of neuron specificity is shown in Figure 4 .
Valence Responsive Neurons in STN and GPi Overlap Somatosensory Regions
The mean position of the recording sites in STN were 10.69 6 1.2 mm (mean 6 SD) lateral to the AC-PC line in the mid-sagittal plane, 1.34 6 1.39 mm posterior to the intercommissural point and 3.8 6 1.25 mm below the AC-PC plane (Fig. 5A-C) . The mean position of STN neuronal populations responsive to various valence stimuli are shown in Figure 5 . These were well within the accepted bounds of the somatosensory STN [DeLong et al., 1985] .
The mean position of the recording sites in GPi were 22.22 6 1.65 mm lateral to the AC-PC line in the mid- (Fig. 6A-C) . The mean position of neuronal populations responsive to various valence stimuli are shown in Figure 6 . These were well within the accepted bounds of the somatosensory GPi [DeLong et al., 1985] .
DISCUSSION
Our results reveal that STN and GPi neurons in human PD patients encode multiple valence conditions, including the opportunity for reward, the threat of loss, reward receipt, and the successful avoidance of loss. Most of the responsive neurons were exclusive for specific conditions. This is the first study to record the responses of human STN neurons to stimuli indicating an opportunity for reward or a threat of loss in both action and inhibition contexts. We show that distinct neuronal populations responded for each motivational context. In accordance with the findings of previous animal studies [Breysse et al., 2015; Lardeux et al., 2009 Lardeux et al., , 2013 , STN neurons were mostly specific to one of the two optimal outcomes, based on the responses observed at both stimulus presentation and feedback delivery. There was a clear tendency for STN neurons to encode the positively valenced optimal outcome (reward) versus the neutrally valenced optimal outcome (loss avoidance). Interestingly, the population responding to reward opportunity was larger than that responding to threat of loss. This suggests that the STN more strongly encoded the rewarding outcome. This finding is in line with a previous study demonstrating preferential encoding in the rat STN [Lardeux et al., 2013] .
Our results corroborate the findings of previous studies that the GPi participates in reward signaling [Hong and Hikosaka, 2013; Matsumoto and Hikosaka, 2007] . Specifically, GPi neurons responded to both the expectation of reward and reward receipt. Importantly, GPi neurons also encoded the threat of loss (stimulus) and loss avoidance (feedback), suggesting that valence encoding by the GPi is not limited purely to reward.
Since the STN and GPi are well known to be involved in motor behavior, it may be argued that responses at stimulus presentation might not be strictly valence-related [Breysse et al., 2015] . Our experimental design, which held motor behavior constant while valence was modified, and which was conducted in both movement and nonmovement scenarios, should in theory permit dissociation between valence-related and motor-related activity. Experimental designs that implement a gating approach to motor response, that is, intervals between stimulus presentation and the time when a successful motor response can be registered, may permit a clearer dissociation between valence and motor activity, but they introduce an artificial component into the evaluation of action control and may obscure the character and temporal dynamics of actionvalence interactions in the natural state. In addition, the possibility of overlap between movement-and valencerelated activity in the feedback epoch is greatly diminished by the delay period between completion of action selection (button press or expiration of the decision interval) and feedback delivery.
The prevailing view of the functional topography of the STN is division into three zones: an anteromedial limbic zone, a posterior sensorimotor zone, and an overlapping associative zone located between the two [Joel and Weiner, 1997; Karachi et al., 2005; Lambert et al., 2012 Lambert et al., , 2015 . However, this view has recently been called into question, and a more nuanced theory has emerged suggesting a graduated change in functional topography rather than sharp anatomical boundaries [Alkemade and Forstmann, 2014; Lambert et al., 2015] .
In the present study, limbic responsive neurons were not confined to the anteromedial portion of the STN, the region widely held to be the zone of limbic involvement. Still, we were unable to confirm the emergent hypothesis of a subtle functional transition across the STN's anterior and medial axes. Rather, we found that limbic processing neurons were distributed throughout the STN. It is important to note that our study was unable to sample a significant number of neurons in the anteromedial STN, due to the inherent limitations of recording neurons encountered exclusively along pre-defined trajectories for therapeutic DBS lead placement. Thus, our findings do not preclude the possibility that the anteromedial portion of the STN is more heavily involved in limbic processing (either by proportion of sampled neurons or magnitude of modulation). However, our results do suggest that limbic overlap with the sensorimotor region is greater than has been previously reported.
It is widely believed that limbic processing neurons in the GPi reside in the anterior portion of the nucleus. This view has been supported by limited clinical evidence suggesting enhanced limbic effects following stimulation in the anterior GPi [Cif et al., 2007; Nair et al., 2014] , and immunohistochemical studies showing the anterior GPi is a recipient of limbic afferents (although, importantly, the boundaries between putative limbic and motor territories were not sharp and had significant overlap). [Karachi et al., 2002] The present study documents neurons that were responsive to valence well outside the anterior region, suggesting that limbic processing neurons may in fact be more widely distributed in the GPi than has been acknowledged elsewhere. Here again, we note that our results do not preclude a higher concentration of valenceresponsive neurons in anterior GPi given that predefined electrode trajectories did not permit significant sampling from this region.
Part of the motivation to map valence-responsive neurons in these structures is to explain the occurrence of cognitive and behavioral decline following DBS utilizing either target but with the susceptibility to decline apparently greater following STN DBS [Fukaya and Yamamoto, 2015; Hershey et al., 2004; Videnovic and Metman, 2008; Witt et al., 2004 Witt et al., , 2008 Zahodne et al., 2009; Zangaglia et al., 2009] . In this regard, we note key anatomical differences between the two structures. The human STN is approximately 140 cubic mm [During et al., 2001 ] and consists of approximately 250,000 neurons [L evesque and Parent, 2005] , while the human GPi is approximately 460 cubic mm [Tarsy et al., 2008] and the pallidum comprises approximately 700,000 neurons [Purves et al., 2001] . In light of (1) this size and neuronal density difference, (2) r Encoding of Reward in the STN and GPi r r 1961 r the apparently wide distribution of valence-responsive neurons in both structures, and (3) the higher concentration of valence-responsive neurons in the STN, one plausible explanation for clinical differences in DBS targets is that the effective DBS electrical field targeting STN would incorporate more valence-responsive neurons than would a comparable electrical field targeting the GPi.
In conclusion, we report here that STN and GPi neurons encode valence-related information during action control, with valence-responsive neurons comprising a greater proportion of neurons in the STN compared to the anatomically larger GPi. Valence-responsive STN and GPi neurons appear to be evenly distributed throughout both structures. In the STN, reward-related stimuli mobilize a greater proportion of neurons than loss-related stimuli. In contrast, in the GPi, reward-and loss-related stimuli mobilize equivalent proportions of neurons. These attributes of the STN and GPi suggest that both structures occupy critical positions in decision-making circuitry, and this information may assist in explaining the numerous behavioral complications that have been associated with chronic highfrequency electrical stimulation of these structures, as well as the higher incidence of these complications following manipulation of the anatomically more compact STN. Future work elaborating on valence processing and actionvalence interactions in STN and GPi in broader contexts will be important to the refinement of DBS surgery techniques and the further development of neuromodulatory therapies targeted at psychiatric disorders.
